 The fracture behavior of oxide dispersion strengthened (ODS) 410L stainless steels was investigated by means of small punch testing and scanning electron microscopy. The results showed that there are noticeable strengthening effects by the addition of 0.9 µm yttria into 410L steel. Small punch testing was also conducted on a specimen of ODS 410L steel with 50 nm yttria irradiated by helium ion beam with a dose of 2 × 10 16 ion.cm -2 . The small punch test is an effective method to reveal the irradiation effects in the materials.
INTRODUCTION
The extreme operating conditions for future nuclear power reactors require developing new materials with excellent thermal creep resistance and radiation resistance. An attractive way to produce such high-performance materials is through the addition of fine oxide particles to form oxide dispersion strengthened (ODS) alloys, in which the fine grain size and nanoscale oxide particles can be achieved by optimizing chemical compositions, manufacturing processes, and thermo-mechanical treatments. A series of ODS 410L stainless steels were developed using a powder metallurgy route.
Energetic helium ions can be used to simulate neutron irradiation in order to understand the radiation effects on materials [1] . The ion beam radiation tests have been carried out using two accelerators at ANSTO [2] . The small punch test employing small disks (about 6-10 mm in diameter) has been widely used in the nuclear industry to evaluate the changes of the fracture toughness of in-reactor materials [3, 4] . In this report the ODS 410L steels before and after ion beam irradiation were investigated using small punch testing. The effects of manufacturing processing, the size of added oxide particles and irradiation on the fracture behavior are discussed.
MATERIALS AND EXPERIMENTAL METHODS
A series of ODS 410L stainless steels were produced by Materion AMC, UK. The mixture of 410L and yttria particles (0.25 wt%) was mechanical alloyed (MA) and then hot-isostatically pressed (HIPped). There were two ODS steel variants made: one was mixed with 0.9 µm yttria particles and another with 50 nm yttria particles. Two steels without yttria, HIPped 410L and HIPped 410L following the mechanical alloying ball milling process, were also prepared for comparison purposes. The steels were oil-quenched at 1000°C and tempered at 650°C. Fig. 1 shows the optical micrographs of the ODS 410L with 50 nm yttria before and after the heat treatment. The microstructure of as-HIPped materials was the ferrite matrix (white regions) with net distributed Cr-rich carbides (dark regions) as shown in Fig.  1 (a) . The as-quenched martensite laths were decomposed after tempering ( Fig.  1(b) ). The small punch tests were conducted on an Instron testing machine using the disk-shape samples with 6 mm in diameter and 0.5 mm in thickness. Both surfaces of the sample were polished using 15 m alumina paste. A camera was used to record the image of the surface which is opposite the punch by use of a borescope during the test. The position of small punch test crack onset could be determined based on the recorded images. The details of the small punch test were reported in Reference [4] .
A small-punch test specimen of ODS 410L with 50 nm yttria was irradiated using 5 MeV helium ions at room temperature on a tandem accelerator in ANSTO. The helium irradiation fluence was 2×10 16 ion.cm -2 .
RESULTS AND DISCUSSION

Small Punch Testing Results
The load and punch displacement were registered by the testing machine. Fig. 2 shows the small punch test results. It can be seen that the load versus punch displacement curves for the same alloy had a good agreement up to the peak load. In the case of the two 410L alloys without addition of yttria particles, the curves of the mechanically-alloyed material are slightly above those of the alloy without mechanical alloying (Fig. 2(a) ). It indicates that the mechanical alloying can produce some hardening effect owing to the grain refining. The peak punch displacement of the alloy with mechanical alloying dramatically dropped to less than about 1.0 mm which indicates that mechanical alloying significantly reduces the toughness of 410L alloy.
From the comparison of the load versus punch displacement curves between the three materials with mechanical alloying, the ODS 410L with 0.9 µm yttria have steeper curves than 410L steel and ODS 410L with 50 nm yttria as shown in Fig. 2(b) and Fig. 2(c) , respectively. This suggests that adding 0.9 µm yttria particles into the 410L steel had significantly hardened the alloy.
In the specimen irradiated by helium ion with a dose of 2 × 10 16 ion.cm -2 , the peak of the damaged depth is about 10 µm from the target surface and the helium ion concentration is about 4000 appm according to the SRIM calculation [5] . From Fig.  2(d) the load versus punch displacement curve of the irradiated sample was slightly higher than the non-irradiated curves in the displacement range from 0.07 mm to 0.36 mm. It indicates that the small-punch test could detect the irradiation induced hardening to some extent. However, a dramatic irradiation-induced hardening on a TiAl alloy irradiated by helium beam has been measured previously by nano-indentation [2] . The position of the small-punch test crack onset was determined by the video of each tested sample and was marked on the load versus punch displacement curves in Fig. 2 . The dissipated plastic energy before the crack onset and the total fracture energy up to the peak load for each sample were calculated from the areas under the curve and showed in Fig. 3 .
It can be seen that the 410L alloy without mechanical alloying has the highest fracture energy among the five samples, of 1.54 J compared with 0.62 J for the mechanically-alloyed 410L, while the two ODS 410L steels have a similar fracture energy of about 0.47 J. The 410L with mechanical alloying has the lowest dissipated plastic energy (0.22 J) because the onset of cracking happened at a lower punch displacement.
The small punch test fracture energy and dissipated plastic energy of the irradiated ODS 410L with 50 nm yttria sample were reduced 15% and 32% from the values of the non-irradiated samples, respectively, which is owing to a high volume of void defects induced by helium ions spreading in a region ~ 2 m. The result indicates that small punch testing is an effective method to reveal the reduction of the toughness for the irradiated materials.
SEM Fractography of Small Punch Test Samples
The fracture morphology for the convex surfaces of the small punch test specimens was investigated by scanning electron microscopy (SEM). All tested specimens have circumferential cracks as shown in Fig. 4 , which indicates that the materials undergo ductile fracture, whilst brittle materials show cracks that start from the center on the surface of the sample and extend linearly towards the edge of the sample. From Fig. 4 we can see that the small-punch-tested sample of 410L without mechanical alloying has the largest crack ring radius compared with the other materials, which indicates that it has a higher toughness. This observation is consistent with its highest fracture energy in the small punch test. Fig. 5 shows SEM images from the fracture surfaces of the small punch tested specimens, all of which exhibit classic dimple morphology owing to tearing at high strains. This further confirms the ductile fracture mode for all the tested materials. At the early stage the elastic strain dominates the deformation in the small punch test disk. As the punch pushes further plastic strain increases, and the material matrix hardens because of the increase of dislocation density. As the local stresses increases around voids, precipitates or particles, micro-cracks form owing to void coalescence. At the later stage in the small punch test a main crack forms from the micro-cracks and propagates into a circular shape. As a result, the load capacity of the sample dramatically drops.
Spherical and rod-shaped particles with different sizes were revealed by SEM on the fracture surfaces of both ODS 410L steels with addition of yttria as shown in Fig.  5(e) and Fig. 5(f) . Energy-dispersive X-ray spectroscopy elemental microanalysis showed that these particles are rich in Y, Si and O, and different shaped particles are composed by similar elements. Particles with size of about 1 µm could be easily observed on the fracture surface of ODS 410L alloys with the addition of 0.9 µm or 50 nm yttria particles. This indicates that the yttria was not homogeneously distributed in the matrix after mechanical alloying, and some particles rich in Y and O have grown during hot isostatic pressing. The distribution and morphology of the precipitates or particles can have a large effect on the structure and properties of the alloys.
It is should be pointed out that most carbide aggregations, which distribute in the ferritic or austenitic matrix after HIP processing, dissolve in the austenite phase during the solution treatment at 1000°C and new types of carbides may precipitate again as a result of martensite decomposition during tempering treatment at 650°C. However, those precipitates were hardly observed under SEM. Because carbide precipitates also play an important role in the fracture behavior of the alloys TEM investigation should be performed to reveal the precipitate distribution in the future work.
CONCLUSIONS
Small punch test results showed that there are the noticeable hardening effects by the addition of 0.9 µm yttria into 410L steel. Processing by mechanical alloying dramatically reduced the small punch test fracture energy. The fracture energy of 410L without mechanical alloying is 1.54 J which drops 60% after mechanical alloying.
Small punch testing could reveal the irradiation induced hardening of ODS 410L steel with 50 nm yttria with a dose of 2×10 16 helium ion.cm -2 . The irradiated sample has 15% less fracture energy compared with the non-irradiated samples.
All tested specimens have main small punch test cracks with a circular shape, and undergo ductile fracture with classical dimple morphology. Non-uniform yttrium-rich particles with size of about 1 µm were easily observed on the fracture surfaces of the two ODS 410L steels.
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